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ABSTRACT

The direct detection of Earthlike planets in the visible is a very challenging goal. This paper describes a new concept for
visible direct detection of Earths using a nulling interferometer instrument behind a 4m telescope in space. The basic
concept is described along with the key advantages of the nulling interferometer over more traditional approaches, an
apodized aperture telescope or coronagraph. In the baseline design, a 4 beam nuller produces a very deep theta”4 null.
With perfect optics, the stellar leakage is less than le-11 of the starlight at the location of the planet. With diffraction
limited (lambda/20) telescope optics suppression of the starlight to ~1¢-10 would be possible.
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1. INTRODUCTION

The detection of planets beyond our own solar system is one of a few major scientific endeavors that have drawn
widespread interest in both the science and technical communities and with the public at large. The field made major
advances in the late 1990s with the discovery of Jovian sized planets around dozens of stars using radial velocity
techniques. Presently there are over 100 known planets outside our solar system. The holy grail of this field is the
detection of Earthlike planets, in the habitable zone.

In the 1990s the most promising technique seemed to be long-baseline interferometers in looking for thermal emission of
Exo-Earths at 10um. The main advantage of looking at 10um, rather than the visible, is that the contrast ratio (star to
planet flux) is only ~ 10*7 at 10um rather than 10710. In addition at 11um, there is a prominent ozone band, which was
an indicator for the presence of oxygen in the planet’s atmosphere.

In the last 1~2 years, there has been considerable interest in revisiting the feasibility of visible light detection. The most
often studied approaches have been coronagraphs and apodized aperture telescopes. We present here a third alternative,
a nulling coronagraph (as opposed to a Lyot type coronagraph). The nulling coronagraph has several potentially very
important advantages. First is very high starlight theoretical rejection for a planet 0.1 arcsec from the star. With perfect
optics, starlight suppression of 10”-12 is possible and with lambda/20 optics 10”-10 suppression is possible.

We present a preliminary concept of a 4m telescope with a nulling coronagraph that can detect Earthlike planets in a
solar system analog at a distance of 10 parsec.

2. NULLER CONCEPT
1. Basic 2 element nulling interferometer

A nulling interferometer interferes the light from two apertures, destructively. This is shown in the figure below as a
two-telescope interferometer. Light that is “on axis™ is destructively interfered, but planet light “off axis” passes through
the nuller and is detected. Behind the interferometer we can place a camera to image the field of view. The use of a
camera for a visible nulling coronagraph is in contrast to an IR nulling interferometer where a single pixel detector is
used.

It’s important to understand what the nuller does to the camera image. The nuller places a transmission grating in the
sky. The camera images the sky but the transmission of the camera/nuller depends on the position of the object in the
sky. In this way the nulling coronagraph is similar to a regular lyot coronagraph where the transmission of the
coronagraph is less when the light is blocked by the coronagraphic stop.
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This optical configuration is not practical for planet detection because the baselines (separation) between telescopes are
rather small ~ 60cm, while the needed collecting apertures are quite large ~4m. There are several other problems with
this configuration. If the pathlengths of the above interferometer from the star to the beam combiner are exactly equal,
the output of the interferometer is not zero; it’s midway between zero and max. If one of the mirrors were translated to
shift the fringe to a null, that null would only apply to 1 wavelength of light. The baseline (distance between the two
telescopes) determines the spacing of the fringe pattern on the sky. The longer the baseline the smaller the spacing of
the fringes. We need sufficient baseline to put the star on the center of the null, and the planet at the first bright fringe.
In a two element nuller this baseline is B = A/(20). Where 0 is the angular separation between star-planet in radians. At
a wavelength of 600nm, an Earth-Sun system at 10 parsec, 0 is 0.1 arcsec, and B is 62cm.

2. Finite diameter starlight leakage and the Machzender nuller

A simple 2-element null will have a sinusoidal transmission pattern. Exactly on axis, the transmission is zero, but
slightly off axis, the transmission is (1-cos(k*¢)) where k= 2nB/A. A solar like star has a radius of 0.5 milliarcsec (mas)
or 2.4¢-9 radians and the leakage at the edge of the star is 3e-5, much brighter than the needed stellar rejection of 1e-9 to
le-10. The solution to all of the above problems is shown in the figure below. The basic nulling coronagraph uses a
modified Machzender interferometer that works in a collimated beam formed after the telescope focus.
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Note that a Machzender is used instead of a rotational shearing interferometer. A rotational shearing interferometer
would form two images of the planet 180 deg apart. While this is annoying, the fatal flaw of a rotational shearing
interferometer is that the effective baseline varies from zero to the diameter of the telescope. The modified Machzender
interferometer splits the telescope pupil into two and recombines them with a “shear” the dispersive plates and the two
arms are set to produce an achromatic “null” over a limited range of wavelengths (~25%). A second Machzender is used
to split the pupil again and recombine them with a shear in the orthogonal direction.

The result is a four beam null pattern. The property of this type of 4 beam nulling interferometer was first studied in the
context of a long baseline IR nulling interferometer. The “sky transmission” pattern is shown below.

The center of the null pattern,
Scale +/- 0.5 milliarcsec
Finite diameter stellar leakage < 1e-9

Null Pattern on Sky

At the right is the sky transmission pattern over a field of ~1 arcsec. What’s more important is the transmission pattern
at the center of the field. The leakage in a 2 element null patter grows as 62, but the leakage in the 4 aperture nuller
grows as 0 4. The result is that the finite diameter of the star would leak less than ~1e-9 at the edge of the star.



The effective aperture of the nuller is slightly less than the diameter of the telescope. If the telescope is 4m in diameter
and we use a 60cm shear, the effective diameter of the nuller is ~3.4m, approximately 72% of the area. In the case
where the optics is perfect, the image at the camera after the nuller would be a star attenuated by ~ 1e-9 at the center of
the field. Approximately ~3 airy rings out there would be the image of an Earthlike planet. The star’s diffraction pattern
at the location of the planet would be ~4e-12, the planet signal would be ~ le-10. Local zodical light would present a
uniform background at a level of a ~2e-10.

3. Control of scattered light

Very high levels of starlight suppression require very accurate optical surfaces. The assumption that such precise optical
surfaces are available, especially for 4m sized telescopes, needs to be examined. In the IR nulling interferometer, there
is no need for ultra-precise surfaces. That need was eliminated by the introduction of a single mode optical fiber. If the
output of a nulling interferometer is focused onto a single mode fiber, then inside the fiber, the only parameters that are
important are the amplitude and phase of the electric field. If the amplitude and phase are properly matched, a very deep
null can be achieved. In the IR a single mode spatial filter with say a 2m aperture would limit the field of view of an IR
nulling interferometer to lambda/D, 10um/2m ~ larcsec. In the visible, a single mode fiber with a 4m telescope would
not have sufficient field of view. To increase the field of view a coherent array of single mode fibers is needed as shown
in the drawing below.
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The pupil of the telescope would be reimaged onto a lenslet array with each lens in the lenslet array equivalent to 5~10
cm on the telescope primary. The field of view of this imaging systemy would be lambda/d, where d is 5~10cm. The field
of view would be between 1 and 2 arcsec. The 4m telescope and thea‘.\ller optics will not be perfect and even with the
single mode fiber, the starlight leakage is expected to be much larger than 1e-9. At JPL, we’ve seen nulls as deep as 1e-6
in the lab. We assume that further technology development results in improvement of that result. A null depth of 1e-7
would be sufficient for an “Earth detection” nulling coronagraph.



If the optics were “perfect” we’d have a 1e-9 null due to leakage of light around at the edge of the star. But for a le-7
null due to imperfect optics, the optical phase and amplitude at the output of the fiber will be due to slight imperfections
in the nuller. The optical phase at the outputs of the N fibers will essentially be random. This random phase distribution
means the 1e-7 of the starlight that is not suppressed will spread roughly uniformly across the field of view. If the fiber
array consists of ~1000 fibers (corresponding to ~ 1 arcsec field of view) the 1e-7 stellar leakage will be spread across
~1000 pixels in the focal plane. The average stellar leakage per pixel would be le-10, roughly the light level of the
planet.

The coherent fiber array means that if we feed a plane wave into the lenslet/fiber array, the output wavefront from the
lenslets on the other side of the array will be distorted by no more than ~ lambda/10 rms. The wavefront errors of the
lenslets and fiber array should be significantly smaller than a wavelength.

3. SYSTEM ISSUES

The previous section described the concept of the nulling coronagraph. This section discusses the system level issues
such as the total throughput of the optical system, requirements on wavefront quality, wavefront stability, vibration
levels, and expected signal to noise ratio.

1. Achieving and Maintaining a Deep Null
The electric field in the fiber from the 4 overlapping apertures, have to add to nearly zero. If we want a null of 1e-7 in

intensity, the electric fields have to add to 3e-4. The effects that are important are amplitude, phase, and polarization
orientation.

Type of defect | Max. contribution | Corresponding
to null depth requirement
Piston (non zero  He-8 U4 pm rms @
residual OPD) 0.7u m
Overall intensity [{3e-8 6.9¢-4
relative mismatch
Differential phase [1.5¢-8 3.5e-4 rad
ishift between
polarizations
Differential rotation|1.5e-8 2.4¢-4 rad
of polarization
planes

In addition the above 4 parameters must apply over a range of wavelengths. In a normal machzender interferometer, at
zero OPD the fringe is a bright fringe. In order to achieve a null, a pi phase shift must be introduced. If we introduce a
pi phase shift by moving a mirror that motion is exactly pi only at one wavelength. One method for generating a nearly
pi shift over a range of wavelengths is to introduce dispersive elements into the interferometer. One dispersive element
along with changing mirror position can generate exactly pi phase shift at exactly 3 wavelengths. In the example below
two different types of dispersive glass are used (fused silica and BK7) that creates an exact pi phase shift at 4
wavelengths and an “almost” pi phase shift over the range 0.5 to 0.8 um wavelength range.
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2. Measurement and control of critical parameters

The control of optical pathlength is performed by translating mirrors. Subnanometer motion of optical surfaces can be
performed by a variety of devices, such as piezoelectric actuators. Intensity control is a bit more complex. The
important detail is that the important parameter is intensity in the single mode fiber, not intensity throughout the
telescope pupil. If one either “defocuses” the light into the fiber that can change the light coupled to the fiber. Through
this and similar means, intensity control at the 6e-4 level is easily achieved. Differential phase shift between
polarizations can be performed by rotating the dihedral mirrors in the modified machzender interferometer. Rotating the
dihedral mirrors means keeping the angle between the two mirrors 90deg and rotating the unit in the plane of the
interferometer. Rotating the dihedral mirrors in an orthogonal direction changes the plane of polarization.

The more challenging task is getting an error signal, or a signal that tells how much we should adjust each
parameter mentioned in the above paragraph. An interferometer type nulling coronagraph in this regard has the
advantage that the interferometer itself can readily be modified in a minor way to provide the error signal.

The final details of how to generate the error signals for null control will have to come from laboratory experiments and
tests. What is described here is a first guess. OPD control is perhaps the easiest. One can modulate the path in one arm
of the interferometer and synchronously demodulate the output of the nuller to minimize the light at the output of the
nuller. Intensity control can be done with a mechanical chopper letting light from 1 arm through to the detector at a
time. Polarization phase shift can be measured by putting a rotating polarizer in front of the detector and measuring the
phase shift or OPD change with polarization. Polarization plane rotation can be measured by looking at a star off axis.
The centroid of the overlapping star images will spread as the object goes off axis. Finally chromatic performance of the
nuller can be diagnosed by putting narrow band filters at several wavelengths in front of the detector.

3. Overall Sensitivity

The coronagraphic nuller has different sensitivity in the “search” mode than in the “spectroscopy” mode. In the search
mode, we don’t know where the planet is. The transmission of the “null” pattern means that parts of the sky besides the
star are “nulled”. If a planet is in one of these areas, the planet will not be seen. So in search mode we have to rotate the
telescope or nuller or both to cover all of the sky. This is similar to some apodized aperture telescope designs where the
apodization function is not circularly symmetric. The average transmission of the null pattern is Y. The time to search
the whole sky is 4 times the time needed to detect a planet that is “most favorably” placed.



If the planet is at one of the “peaks” in the nuller transmission function, its light is totally unattenuated through the
nuller. One can roughly estimate the transmission of the nulling coronagraph by making assumptions on the
performance of the individual optical elements (e.g. 98% for mirror reflectivity).

Reflective and transmissive optics 70%

Beam splitters (R*T) 96%

Fiber coupling efficiency 60% (includes lenslet fill factor)

CCD QE in 0.5~0.8 band 75%

Effective collecting area 9 sq meters (4m telescope, null overlap area)
Total effective collecting area*QE 2.7 sq meters

The diff limit of a 3.4m telescope is ~ 40mas. The local zodi background would then be ~29 mag/pixel. This is brighter
than either the scattered starlight or the planet. The SNR would be planet signal/sqrt(zodi+planet+scattered starlight).
The planet would be a 30-mag object, the scattered starlight an average of a 30mag object per pixel and the zodi a
background of 29mag/pixel. The time to get SNR=5 for a planet in the “clear” spot of the nulling pattern would be less
than 45 minutes and the total time to search the area from a radius of 0.1 arcsec to 0.5 arcsec would be 4 times that, a bit
more than 2.7 hours. The assumptions above are perhaps optimistic but even 10 hours would not be prohibitively long.

The need for a 4m aperture is not driven by photon flux, but by the need to have enough angular resolution after losing
60cm to beam shear, to put the planet 2 pixels from the star.

Spectroscopy at a spectral resolution of 100, and a SNR of 5 per spectral bin would take ~25 times longer than the
search.

4. SUMMARY

We’ve presented a new concept for a visible coronagraph adapting nulling technology originally developed for the IR
interferometer for exo-planet detection. This concept has several potential significant advantages.

1) Much deeper suppression of starlight (assuming perfect optics) starlight at planet location is 4e-12 if the optics
were perfect. .

2) A smaller telescope (4m) for an Earth-Sun planet at 10 pc.

3) Full aperture wavefront error of the telescope can be ~lambda/20

4) Moderately mature technology, 1e-6 null demonstrated in the lab, need 1e-7 for the flight mission

5) With le-7 nulls, scattered light is 1e-10/pixel, planet light/scattered light ratio of 1

6) With the above properties, there exists the possibility that direct detection at visible/near IR wavelengths of
Earths within 10pc of the sun is possible with an instrument on NGST, an already approved NASA mission.
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ABSTRACT

The direct detection of Earthlike planets in the visible is a very challenging goal. This paper describes a new concept for
visible direct detection of Earths using a nulling interferometer instrument behind a 4m telescope in space. The basic
concept is described along with the key advantages of the nulling interferometer over more traditional approaches, an
apodized aperture telescope or coronagraph. In the baseline design, a 4 beam nuiler produces a very deep theta”4 null.
With perfect optics, the stellar leakage is less than le-11 of the starlight at the location of the planet. With diffraction
limited (lambda/20) telescope optics suppression of the starlight to ~le-10 would be possible.
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1. INTRODUCTION

The detection of planets beyond our own solar system is one of a few major scientific endeavors that have drawn
widespread interest in both the science and technical communities and with the public at large. The field made major
advances in the late 1990s with the discovery of Jovian sized planets around dozens of stars using radial velocity
techniques. Presently there are over 100 known planets outside our solar system. The holy grail of this field is the
detection of Earthlike planets, in the habitable zone.

In the 1990s the most promising technique seemed to be long-baseline interferometers in looking for thermal emission of
Exo-Earths at 10um. The main advantage of looking at 10um, rather than the visible, is that the contrast ratio (star to
planet flux) is only ~ 10~7 at 10um rather than 10°10. In addition at 11um, there is a prominent ozone band, which was
an indicator for the presence of oxygen in the planet’s atmosphere.

In the last 1~2 years, there has been considerable interest in revisiting the feasibility of visible light detection. The most
often studied approaches have been coronagraphs and apodized aperture telescopes. We present here a third alternative,
a nulling coronagraph (as opposed to a Lyot type coronagraph). The nulling coronagraph has several potentially very
important advantages. First is very high starlight theoretical rejection for a planet 0.1 arcsec from the star. With perfect
optics, starlight suppression of 107-12 is possible and with lambda/20 optics 10*-10 suppression is possible.

We present a preliminary concept of a 4m telescope with a nulling coronagraph that can detect Earthlike planets in a
solar system analog at a distance of 10 parsec.

2. NULLER CONCEPT

1. Basic 2 element nulling interferometer

A nulling interferometer interferes the light from two apertures, destructively. This is shown in the figure below as a
two-telescope interferometer. Light that is “on axis” is destructively interfered, but planet light “off axis” passes through
the nuller and is detected. Behind the interferometer we can place a camera to image the field of view. The use of a
camera for a visible nulling coronagraph is in contrast to an IR nulling interferometer where a single pixel detector is
used.

It’s important to understand what the nuller does to the camera image. The nuller places a transmission grating in the
sky. The camera images the sky but the transmission of the camera/nuller depends on the position of the object in the
sky. In this way the nulling coronagraph is similar to a regular lyot coronagraph where the transmission of the
coronagraph is less when the light is blocked by the coronagraphic stop.
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This optical configuration is not practical for planet detection because the baselines (separation) between telescopes are
rather small ~ 60cm, while the needed collecting apertures are quite large ~4m. There are several other problems with
this configuration. If the pathlengths of the above interferometer from the star to the beam combiner are exactly equal,
the output of the interferometer is not zero; it’s midway between zero and max. If one of the mirrors were translated to
shift the fringe to a null, that nuil would only apply to 1 wavelength of light. The baseline (distance between the two
telescopes) determines the spacing of the fringe pattern on the sky. The longer the baseline the smaller the spacing of
the fringes. We need sufficient baseline to put the star on the center of the null, and the planet at the first bright fringe.
In a two element nuller this baseline is B = A/(28). Where 0 is the angular separation between star-planet in radians. At
a wavelength of 600nm, an Earth-Sun system at 10 parsec, 0 is 0.1 arcsec, and B is 62cm.

2. Finite diameter starlight leakage and the Machzender nuller

A simple 2-element null will have a sinusoidal transmission pattern. Exactly on axis, the transmission is zero, but
slightly off axis, the transmission is (1-cos(k*¢)) where k= 2nB/A. A solar like star has a radius of 0.5 milliarcsec (mas)
or 2.4e-9 radians and the leakage at the edge of the star is 3e-5, much brighter than the needed stellar rejection of le-9 to
le-10. The solution to all of the above problems is shown in the figure below. The basic nulling coronagraph uses a
modified Machzender interferometer that works in a collimated beam formed after the telescope focus.
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Note that a Machzender is used instead of a rotational shearing interferometer. A rotational shearing interferometer
would form two images of the planet 180 deg apart. While this is annoying, the fatal flaw of a rotational shearing
interferometer is that the effective baseline varies from zero to the diameter of the telescope. The modified Machzender
interferometer splits the telescope pupil into two and recombines them with a “shear” the dispersive plates and the two
arms are set to produce an achromatic “null” over a limited range of wavelengths (~25%). A second Machzender is used
to split the pupil again and recombine them with a shear in the orthogonal direction.

The result is a four beam null pattern. The property of this type of 4 beam nulling interferometer was first studied in the
context of a long baseline IR nulling interferometer. The “sky transmission” pattern is shown below.
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At the right is the sky transmission pattern over a field of ~1 arcsec. What’s more important is the transmission pattern
at the center of the field. The leakage in a 2 element null patter grows as 62, but the leakage in the 4 aperture nuller
grows as 6 4. The result is that the finite diameter of the star would leak less than ~1e-9 at the edge of the star.



The effective aperture of the nuller is slightly less than the diameter of the telescope. If the telescope is 4m in diameter
and we use a 60cm shear, the effective diameter of the nuller is ~3.4m, approximately 72% of the area. In the case
where the optics is perfect, the image at the camera after the nuller would be a star attenuated by ~ 1e-9 at the center of
the field. Approximately ~3 airy rings out there would be the image of an Earthlike planet. The star’s diffraction pattern
at the location of the planet would be ~4e-12, the planet signal would be ~ 1e-10. Local zodical light would present a
uniform background at a level of a ~2e-10.

3. Control of scattered light

Very high levels of starlight suppression require very accurate optical surfaces. The assumption that such precise optical
surfaces are available, especially for 4m sized telescopes, needs to be examined. In the IR nulling interferometer, there
is no need for ultra-precise surfaces. That need was eliminated by the introduction of a single mode optical fiber. If the
output of a nulling interferometer is focused onto a single mode fiber, then inside the fiber, the only parameters that are
important are the amplitude and phase of the electric field. If the amplitude and phase are properly matched, a very deep
null can be achieved. In the IR a single mode spatial filter with say a 2m aperture would limit the field of view of an IR
nulling interferometer to lambda/D, 10um/2m ~ larcsec. In the visible, a single mode fiber with a 4m telescope would
not have sufficient field of view. To increase the field of view a coherent array of single mode fibers is needed as shown
in the drawing below.
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The pupil of the telescope would be reimaged onto a lenslet array with each lens in the lenslet array equivalent to 5~10
cm on the telescope primary. The field of view of this imaging system would be lambda/d, where d is 5~10cm. The field
of view would be between 1 and 2 arcsec. The 4m telescope and the nuller optics will not be perfect and even with the
single mode fiber, the starlight leakage is expected to be much larger than 1e-9. At JPL, we’ve seen nulls as deep as 1e-6
in the lab. We assume that further technology development results in improvement of that result. A null depth of 1e-7
would be sufficient for an “Earth detection” nulling coronagraph.



If the optics were “perfect” we’d have a 1e-9 null due to leakage of light around at the edge of the star. But for a 1e-7
null due to imperfect optics, the optical phase and amplitude at the output of the fiber will be due to slight imperfections
in the nuller. The optical phase at the outputs of the N fibers will essentially be random. This random phase distribution
means the 1e-7 of the starlight that is not suppressed will spread roughly uniformly across the field of view. If the fiber
array consists of ~1000 fibers (corresponding to ~ 1 arcsec field of view) the le-7 stellar leakage will be spread across
~1000 pixels in the focal plane. The average stellar leakage per pixel would be 1e-10, roughly the light level of the
planet.

The coherent fiber array means that if we feed a plane wave into the lenslet/fiber array, the output wavefront from the
lenslets on the other side of the array will be distorted by no more than ~ lambda/10 rms. The wavefront errors of the
lenslets and fiber array should be significantly smaller than a wavelength.

3. SYSTEM ISSUES

The previous section described the concept of the nulling coronagraph. This section discusses the system level issues
such as the total throughput of the optical system, requirements on wavefront quality, wavefront stability, vibration
levels, and expected signal to noise ratio.

1. Achieving and Maintaining a Deep Null
The electric field in the fiber from the 4 overlapping apertures, have to add to nearly zero. If we want a nuil of le-7 in

intensity, the electric fields have to add to 3e-4. The effects that are important are amplitude, phase, and polarization
orientation.

Type of defect | Max. contribution | Corresponding
to null depth requirement

Piston (non zero  HYe-8 44 pm rms @
residual OPD) 0.7u m
Overall intensity  [3e-8 © 6.9e4
relative mismatch
E)ifferential phase |1.5e-8 3.5¢-4 rad

hift between
polarizations
Differential rotation|1.5e-8 P 4e-4 rad
of polarization
planes

In addition the above 4 parameters must apply over a range of wavelengths. In a normal machzender interferometer, at
zero OPD the fringe is a bright fringe. In order to achieve a null, a pi phase shift must be introduced. If we introduce a
pi phase shift by moving a mirror that motion is exactly pi only at one wavelength. One method for generating a nearly
pi shift over a range of wavelengths is to introduce dispersive elements into the interferometer. One dispersive element
along with changing mirror position can generate exactly pi phase shift at exactly 3 wavelengths. In the example below
two different types of dispersive glass are used (fused silica and BK7) that creates an exact pi phase shift at 4
wavelengths and an “almost” pi phase shift over the range 0.5 to 0.8 um wavelength range.
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2. Measurement and control of critical parameters

The control of optical pathlength is performed by translating mirrors. Subnanometer motion of optical surfaces can be
performed by a variety of devices, such as piezoelectric actuators. Intensity control is a bit more complex. The
important detail is that the important parameter is intensity in the single mode fiber, not intensity throughout the
telescope pupil. If one either “defocuses™ the light into the fiber that can change the light coupled to the fiber. Through
this and similar means, intensity control at the 6e-4 level is easily achieved. Differential phase shift between
polarizations can be performed by rotating the dihedral mirrors in the modified machzender interferometer. Rotating the
dihedral mirrors means keeping the angle between the two mirrors 90deg and rotating the unit in the plane of the
interferometer. Rotating the dihedral mirrors in an orthogonal direction changes the plane of polarization.

The more challenging task is getting an error signal, or a signal that tells how much we should adjust each
parameter mentioned in the above paragraph. An interferometer type nulling coronagraph in this regard has the
advantage that the interferometer itself can readily be modified in a minor way to provide the error signal.

The final details of how to generate the error signals for null control will have to come from laboratory experiments and
tests. What is described here is a first guess. OPD control is perhaps the easiest. One can modulate the path in one arm
of the interferometer and synchronously demodulate the output of the nuller to minimize the light at the output of the
nuller. Intensity control can be done with a mechanical chopper letting light from 1 arm through to the detector at a
time. Polarization phase shift can be measured by putting a rotating polarizer in front of the detector and measuring the
phase shift or OPD change with polarization. Polarization plane rotation can be measured by looking at a star off axis.
The centroid of the overlapping star images will spread as the object goes off axis. Finally chromatic performance of the
nuller can be diagnosed by putting narrow band filters at several wavelengths in front of the detector.

3. Overall Sensitivity

The coronagraphic nuller has different sensitivity in the “search” mode than in the “spectroscopy” mode. In the search
mode, we don’t know where the planet is. The transmission of the “null” pattern means that parts of the sky besides the
star are “nulled”. If a planet is in one of these areas, the planet will not be seen. So in search mode we have to rotate the
telescope or nuller or both to cover all of the sky. This is similar to some apodized aperture telescope designs where the
apodization function is not circularly symmetric. The average transmission of the null pattern is %. The time to search
the whole sky is 4 times the time needed to detect a planet that is “most favorably” placed.



If the planet is at one of the “peaks” in the nuller transmission function, its light is totally unattenuated through the
nuller. One can roughly estimate the transmission of the nulling coronagraph by making assumptions on the
performance of the individual optical elements (e.g. 98% for mirror reflectivity).

Reflective and transmissive optics 70%

Beam splitters (R*T) 96%

Fiber coupling efficiency 60% (includes lenslet fill factor)

CCD QE in 0.5~0.8 band 75%

Effective collecting area 9 sq meters (4m telescope, null overlap area)
Total effective collecting area*QE 2.7 sq meters

The diff limit of a 3.4m telescope is ~ 40mas. The local zodi background would then be ~29 mag/pixel. This is brighter
than either the scattered starlight or the planet. The SNR would be planet signal/sqrt(zodi+planet+scattered starlight).
The planet would be a 30-mag object, the scattered starlight an average of a 30mag object per pixel and the zodi a
background of 29mag/pixel. The time to get SNR=5 for a planet in the “clear” spot of the nulling pattern would be less
than 45 minutes and the total time to search the area from a radius of 0.1 arcsec to 0.5 arcsec would be 4 times that, a bit
more than 2.7 hours. The assumptions above are perhaps optimistic but even 10 hours would not be prohibitively long.

The need for a 4m aperture is not driven by photon flux, but by the need to have enough angular resolution after losing
60cm to beam shear, to put the planet 2 pixels from the star.

Spectroscopy at a spectral resolution of 100, and a SNR of 5 per spectral bin would take ~25 times longer than the
search.

4. SUMMARY

We’ve presented a new concept for a visible coronagraph adapting nulling technology originally developed for the IR
interferometer for exo-planet detection. This concept has several potential significant advantages.

1) Much deeper suppression of starlight (assuming perfect optics) starlight at planet location is 4e-12 if the optics
were perfect. .

2) A smaller telescope (4m) for an Earth-Sun planet at 10 pc.

3) Full aperture wavefront error of the telescope can be ~lambda/20

4) Moderately mature technology, le-6 null demonstrated in the lab, need le-7 for the flight mission

5) With le-7 nulls, scattered light is 1e-10/pixel, planet light/scattered light ratio of 1

6) With the above properties, there exists the possibility that direct detection at visible/near IR wavelengths of
Earths within 10pc of the sun is possible with an instrument on NGST, an already approved NASA mission.
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